A stepwise, time-varying pumping approach is developed to improve free phase oil recovery of light non-aqueousphase.liquids{LNAPL) from a homogeneous, unconfined aquifer.
Introduction
Hydrocarbon contamination sites associated with light non-aqueous phase liquids (LNAPL) are widespread in the U.S.A. and represent difficult cleanup problems 0169-7722/94/$07.00 © 1994-Elsevier Science B.V. All rights reserved a separate oil extraction pump. This pumping system is recommended because field experience has shown that free product recovery is improved by controlled depression of the watertable through groundwater pumping (de Albuquerque eta!., 1993) . When designing such an operation, a number of factors must be considered to assure efficient free oil recovery. These may include the rate of pumping at the well, length of time for remediation, steady vs. time-varying pumping rates, pumping well locations and other design issues related to system operation.
The difference between steady vs. time-varying pumping rates has not been previously addressed. The concept of stepped pumping to reduce oil entrapment due to drawdown was briefly discussed by . Cited papers on ARMOs<rl dealing with free oil recovery use only steady pumping rates for a specified planning period Kalnarachchi eta!., 1990; Parker et a!., , 1994 . Peralta and Kowalski (1986) demonstrated that temporally increasing pumping rates can better achieve hydraulic targets and aquifer heads than any steady rates that can be computed. The potential benefit of stepped pumping merits further examination.
In this paper we focus on the task of hnproving LNAPL free product recovery by implementing stepwise pumping strategies. Free product recovery is important in the overall cleanup effort, because LNAPL free product is a significant source of contamination. Recovery of as much free product as possible reduces total contamination and lessens required remediation efforts for remaining contaminants. In this work, we illustrate how to increase free oil recovery and reduce residual oil volume by developing a stepwise (monotonically increasing) pumping. strategy. It is shown that the proposed stepwise pumping strategy is an hnprovement over the best steady water pumping strategy that can be developed by simulation alone.
Theory development

Multiphasej/ow analysis
A numerical model is described that shnulates multiphase flow for water and separate LNAPL in a porons media system of an unconfined aquifer. The numerical model employs the simplifying assumptions of near-equilibrium vertical conilitions and negligible gas pressure grailients to rednce the ilimensionality of the problem from three-ilimensional to two-dimensional areal multiphase flow (Parker and Lenhard, 1989) . The use of vertically integrated flow equations reduces the severe noulinearity associated with three-phase constitutive relationships. It is assumed that vertical fluids reilistribute quickly enough such that vertical pressure distributions constantly approximate hydrostatic conilitions (i.e. 81/Jwf8z = 0 and 81/J 0 /8z = 0).
In other words, vertical liquid velocities are relatively small compared to horizontal velocities. Based on hydrostatic conditions, the following equations are written (Parker and Lenhard, 1989) :
Wednesday 1st February 1995, 14:52 CONHYD Compuscript-382 (ch098) In such a system, vertical pressure distributions can be characterized for all phases in terms of various fluid "table" elevations. The oil lens is described by an air-oil table elevation, z 80 , at which point the gauge oil pressure is zero, and an oil-water table elevation, Z 0 w, at which water and oil pressures are equal. A hypothetical airwater table elevation, Z 8 w, is also defined within the oil lens at which location gauge water pressure is zero. This locally hydrostatic system is depicted in Fig. I . It shows a hypothetical screened well and the respective fluid phase distributions and interfaces for z 80 aud Zow· The various fluid "table" elevations are defined (Parker and Lenhard, 1989) as:
where ..Pw = Z 8 w, ..Po= PmZao [L] ; Pm is the ratio of oil to water density [-] ; and H 0 is the apparent" oil thickness or piezometric oil height [L] .
The vertically integrated governing flow equations for the two-fluid phase system are defined in an areal two-dimensional domain as: The saturation-capillary pressure model used in the multi phase flow analysis is an extension of the van Genuchten (VG) model (Parker and Lenhard, 1989) . The three-phase VG model is defined as (this model does not include fluid entrapment):
where Sw is water saturation; S 1 is total liquid saturation which includes water and oil; Sm is the water saturation at "field capacity"; how= (1-Pro)(z-Z 0 w) is the oilwater capillary head [L] ; h, 0 = Pco (z-z, 0 ) is the air-oil capillary head [L] ; a [L -I] and n [-] are VG model parameters specific to the soil medium with m = 1 -1/n; {3, 0 is a scaling parameter that is approximated by the ratio of water surface tension to oil surface tension; and f3ow is another scaling parameter approximated by the ratio of water surface tension to oil-water interfacial tension.
The VG model is modified to include the mechanisms for fluid entrapment. Residual oil in the saturated and unsaturated zones is determined to allow for the effects of drawdown and water table fluctuation on the free oil recovery. The rising and lowering of the water table and associated fluid "table" interfaces affect residual oil values. Initial infiltration and redistribution events at the spill site will also impact oil entrapment (Kaluarachchi and Parker, 1992) . Total oil specific volume is 1ccounted for in the system (Parker eta!., 1990) to water imbibition and varies between F = 0 (small oil volume) and F = I (large oil volume) [-] ; z~" is the historical minimum oil-water table elevation since oil has reached a given areal location; S 0 g is the residual oil saturation in the unsaturated zone; Z:oax is the historical maximum air-oil table elevation since oil has reached a given areal location; and Z 0 w and z, 0 are the current oil-water and air-oil table elevations at a given location, respectively. Typical values for S 0 , range between 0.2 to 0.4 and values for S 0 g between 0.04 to 0.08 .
Improving fi'ee oil recovery
To understand the oil recovery process, first examine the effects of pumping on oil flow for a steady rate of water pumping in the center of a floating plume. Oil flow toward the cone of depression increases at first, as drawdown in the water table increases the hydraulic gradient toward the well. After some time, oil flow diminishes as oil removal allows a rise in the water table (oil-water interface). This rise in the water table slows down oil flow and recovery. If higher pumping and greater drawdown is provided, then a gradient is created once again toward the recovery well and oil recovery increases. Under these conditions more free oil is recovered, but the higher pumping causes a larger cone of depression and more free oil is smeared in the area of drawdown as residual oil. This residual oil cannot be removed by pumping, reducing free oil available for recovery.
Considering steady (constant) pumping rates of different magnitudes further illustrates how oil flow and recovery is gmtrolled by drawdown and water table gradients. At low pumping rates, further lateral spreading of the plume occurs, leading to increased residual oil as free oil moves away from the well. At higher pumping rates, recovery and capture is achieved, but higher pumping increases drawdown and associated residual oil in the unsaturated zone. Therefore, a tradeoff exists between lateral spreading at low pumping rates vs. capture and a larger cone of depression at higher pumping. Previous work has shown this to be true. Parker et al. ( , 1994 determined that one steady water pumping rate will be better than all others at recovering free oil. As pumping is increased above the best steady rate, free oil recovery decreases and entrapped residual oil exceeds recovered oil.
An alternative approach to steady pumping is to increase water pumping gradually, in steps, to reduce residual oil and improve oil extraction. Stepped pumping rates are used to achieve containment of the floating plume and also to provide for proper drawdown to cause oil flow towards the recovery well. Containment is desired to prevent expansion and migration of free oil away from the recovery well. Drawdown is necessary to provide for efficient oil recovery by maintaining an adequate gradient toward the recovery well. In other words, oil entrapment can be reduced by increasing · pumping in steps (less residual oil and more free oil for recovery).
The stepwise pumping approach is developed using a combined analysis of oil recovery and plume containment. The analysis is performed for a specified planning period and selected containment times. For example, steady water pumping rates that achieve containment at different times (i.e. 120, 240 and 360 days) are determined. Containment time is defined as the time required for simultaneous steady water Wednesday 1st February 1995, 14:53 CONHYD Compuscript-382 (ch098) pumping and oil recovery to prevent further expansion of the floating plume. Achieving containment within 120 days requires a greater steady pumping rate than achieving it after 240 or 360 days. Required steady pumping rates decrease as time to containment increases, because oil recovery is continuous and less oil is present in the system as time passes. But, as explained previously, pumping should increase with time to enhance oil recovery. Therefore, an increasing, stepwise pumping strategy is proposed. The pumping strategy would begin with the lowest required pumping rate (smallest drawdown) that achieves containment of the oil plume within the specified planning period. This pumping is followed by the required pumping rate that achieves containment at say 240 days and so on. Thus, drawdown is increased in steps by higher pumping rates. We propose that free oil containment with simultaneous oil recovery can be used as a modeling approach to compute stepwise pumping strategies that improve free oil recovery.
Application and methodology
Example problem description
A LNAPL recovery problem was posed consisting of a plume lying in a single layer, unconfined aquifer (Fig. 2) . The study area is 160m x 160m with a single pumping well located at the center of the plume. The finite-element mesh in ARMos© has varied spacing consisting of 361 nodes, and is symmetrical about the well. The mesh has its finest spacing of 3 m near the well. The initial water table gradient is ~ 0.312% Pow =ratio of oil to water density; fJow =ratio of oil to water absolute viscosity; f3ao =ratio of water surface tension to oil surface tension; flow= ratio of water surface tension to oil-water interfacial tension; Ksw = saturated hydraulic conductivity; ,P =porosity; a =van Genuchtenmodelcurve parameter, n = van Genuchten model exponent; Sm =irreducible water saturation; S 08 =unsaturated zone residual oil saturation; Sor =saturated zone residual oil saturation.
(0.50 m/160 m). Initially the oil plume is floating on the water table. The study area is large enough so that the oil plume never reaches the boundaries. Constant-bead boundary conditions are used on all sides of the study area. Soil and fluid properties are assumed to be homogeneous and isotropic (Table I ) and appropriate for a gasoline spill in a medium sand aqnifer.
The gasoline spill volume in the problem is ~ 164 m 3 • Initial conditions for the floating plume (Fig. 2) represent observed product thickness in monitoring wells on site. The study area has not experienced fluctuations in the water table. Simulation results indicated that negligible residual oil exists in the system initially. The initial total LNAPL spill area predicted by ARMas© at time= 0.0 is 4475 m 2 .
Development of stepwise pumping strategies
ARMas© simulations were performed for steady pumping rates to determine system response to pumping, pumping bounds and time discretization suitable for developing the stepwise pumping strategy. The unmanaged scenario (no pumping) and steady water pumping rates ranging from 15 to 240m 3 day-1 were simulated by ARMos© for a time period of 420 days. A total of 14 simulations were run in ~ 4.5 h on a SUN® SPARCfiPX work station. It was observed from the simulations that oil recovery did not improve significantly above the 240-m 3 -day-1 pumping rate, and oil recovery reached a maximum threshold after ~ 360 days of pumping (Fig. 3) . Time reqnired for the oil plume to begin decreasing in size and not increase thereafter was observed to be ~ 90-100 days at lower pumping rates of 70-90 m 3 day-1 • Thus, a maximum pumping rate of 240 m 3 day-1 and a 360-day planning period consisting of three 120-day pumping periods were selected for stepwise strategy development. The !-year planning period and 120-day pumping periods were considered reasonable and practical for implementation in the field.
Results for free oil area (F0 3 ) changes vs. pumping rates were taken from the above simulations. Data were summarized and analyzed for simulation times ranging from Wednesday 1st February 1995, 14:53 CONHYD Compuscript-382 (ch098) adm Typeset from disc G.S, Cooper, Jr. et al./ Journal o/Comaminant Hydrology 00 (1995) 
" .s Required steady pumping rates for approximate containment times were identified at the point of intersection between the regression line and the dashed initial free oil area line (Figs. 4-6 ). Pumping rates from Figs. 4, 5 and 6 were estimated to be 137, 104 and 74m 3 day-t, respectively. Pumping rates were also calculated directly from the multiple linear regression equations for a selected containment time and free oil area E4475 m 2 ). Computed pumping rates from the three regression equations are 136.5 m 3 day-1 for a containment time of90 days, 103.2 m 3 day-1 for 180 days and 73.8 m 3 day-1 for 360 days. These computed pumping rates are used subsequently. System response to the above steady pumping rates was simulated by ARMos© for 360 days. Simulation results were checked to verify that containment was achie,·ed within the required time for each pumping rate. Containment is achieved when the floating oil plume is prevented from expanding further. A plot of free oil area vs. time shows that containment was obtained within required times for each steady pumping rate (Fig. 7) .
The increasing, stepwise pumping strategy was developed using required steady pumping rates for longer contaimnent times in reverse order. The pumping strategy first begins with the required pumping rate for contaimnent at 360 days (73.8 m 3 day- ). This pumping sequence is identified as Strategy A. Initially, stepwise pumping utilizes the lowest required pumping (smallest drawdown) that achieves containment within the specified planning period of 360 days. This rate is applied during pumping period I from 0 to 120 days. Pumping period 2 from 121 to 240 days utilizes a higher pumping rate that increases the water table gradient toward the recovery well and continues oil recovery. Lastly, required pumping for containment at 120 days (the highest pumping rate) is used during pumping period 3 from 241 to 360 days. Thus, a monotonically, increasing pumping strategy is implemented.
To examine possible time effects on the oil recovery process, the pumping rate for Table 2 ). The pumping rate for period 3 was determined based upon the oil recovery ratio of recovered oil to residual oil volumes. The ratio is a good indicator of oil recovery efficiency. The best pumping rate was identified as the one with the highest oil recovery ratio. The pumping rate of 143.7 m 3 day-1 had the highest oil recovery were used as the stepwise, monotonically increasing, pumping strategy (three pumping periods of 120 days for 360 days).
Two additional stepwise pumping strategies ( C and D) were developed by decreasing and increasing the pumping rates of Strategy B by a factor of -25% and +30%, respectively. These stepwise pumping strategies were calculated to provide a range of values. The stepwise pumping strate~es are summarized in Table 3 . These pumping rates (Table 3) were input to ARMOS for final simulation runs.
This stepwise monotonically, increasing pumping approach is shown to provide adequate gradient control toward the well, so that containment is achieved and oil recovery is improved. This is discussed in more detail by making a comparison between stepwise vs. steady pumping strategies and examining the effects on recovered oil and residual oil volumes.
Results and discussion
Comparison of stepwise vs. steady pumping strategies
To evaluate free oil recovery, stepwise pumping vs. steady pumping strategies were compared. This was done because steady pumping is the current choice for LNAPL recovery. System response for steady pumping rates between 74 and 210 m 3 day-1 was simulated by ARMOS©. Resulting recovered oil, residual oil and free oil volumes were compared against those for stepwise pumping. The best pumping strategy was identified as having the highest recovered oil volume when forcing free oil volume to a small fraction of initial total oil in the system. Overall performance of oil recovery is first evaluated by plotting final percent recovered oil vs. percent residual oil for both stepwise and steady pumping strategies (Fig. 8) . The highest oil recovery is identified for stepwise and steady pumping. The best stepwise strategy has pumping rates of 105.4, 147.4 and 205.3 m 3 day-1 (Table 3, D) . The best steady pumping rate is 168.4 m 3 day-1
• The best stepwise pumping strategy bas the highest percentage of recovered oil (49%) or volume (80.54 m\ In fact, all stepwise pumping strategies have a higher ratio of oil recovery to residual oil when compared to steady pumping (Fig. 8) . Final ARMOS© simulation results for the best strategies considered are given in Table 4 . The best stepwise strategy has I 1% more recovered oil and I 5% less residuaL oil than the best steady pumping strategy. Free oil volume is 7% of total oil volume for the best stepwise strategy compared to 4% for the best steady strategy. Oil-water cuts also show that stepwise pumping is more efficient in the oil recovery process than steady pumping (Fig. 9) . Oil-water cut is a ratio of recovered oil volume to total water pumped. The best stepwise pumping strategy pumps less total water in 360 days (44,800 m 3 ) than the best steady pumping strategy (49,400 m 3 ).
Next, the effects of pumping on total oil volumes are examined. Three steady and. three stepwise pumping strategies are taken from Fig. 8 . Final oil volumes for the six strategies are shown in Fig. 10 . At lower pumping rates free oil volumes are high (33% of total oil volume) for both steady and stepwise pumping. As pumping rates increase ' " and oil recovery improves, free oil decreases and residnal oil increases. At higher pumping rates, stepwise pumping provides the best oil recovery and less residual oil (Fig. 10) . The difference between stepwise and steady pumping strategies can be explained by examining changes in recovered oil (Vm) and residual oil (V,.) volumes vs. time. Figs. "' . §. II and 12 show time-varying changes in V, and V", respectively, for the best stepwise and best steady pumping strategies. The rate of oil recovery is initially slower for ltepwise pumping, but final free oil recovery is higher for the best stepwise strategy (Fig. II) . Stepwise pumping improves oil recovery by creating less residual oil during the entire pumping period which allows for more free oil to be recovered (Fig. 12) .
It is believed that stepwise pumping has better free oil recovery because: (1) the plume is captured and gradually drawn into the recovery well; (2) the proper water table gradient is maintained with stepwise pumping by compensating for decreasing free oil volume and a rising water table (oil-water interface); (3) the stepped drawdown does not create excessive residual oil due to a large cone of depression.
Best stepwise strategy vs. unmanaged scenario
Final total oil specific volume contours resulting from the best stepwise pumping strategy are shown in Fig. 13 . The oil plume is contained and total oil specific volume has decreased significantly. Final total spill area equals 4882 m 2 compared to 447 5m 2 initially. Total oil specific volume is the sum of both residual and free oil volumes. It is a true indicator of total oil contamination remaining at the site. The best stepwise strategy removed 49% of the total oil volume in one year. By comparison, the unmanaged scenario yields no oil removal, a residual oil volume of 17% (28.09 m 3 ) and a total spill area equal to 7200 m 2 after one year. After 2 years the unmanaged scenario has a total spill area of 8190 m 2 and residual oil of 46m Wednesday 1st February 1995, 14:53 CONHYD Compuscript-382 (ch098) adm Typeset from disc 18 G.S. Cooper. Jr. et al.f JourTUJ.l of Contaminant Hydrology 00 (1995) 000-000
Summary and conclusions
Increasing stepwise pumping is shown to improve free oil (LNAPL) recovery in a homogeneous, unconfined aquifer. The stepwise pumping approach involves a combined analysis of oil recovery and plume containment. The multiphase flow simulations are performed by ARMos©. Multiple linear regression equations and graphical plots are developed to analyze changes in free oil area vs. pumping rates. Steady pumping rates are determined from the analysis that achieve containment of a floating oil plume for different containment times. These pnmping rates are used as a monotonically, increasing stepwise pnmping strategy from which additional stepwise pumping strategies are developed.
A comparison between stepwise vs. steady pumping strategies shows that stepwise pumping provides the highest oil recovery and less residnal oil for a specified planning period. Less residual oil is left subsurface by controlling drawdown through timevarying pumping. This stepwise pumping approach can improve free oil recovery and provide for cost-effective design and management of LNAPL remediation.
The proposed modeling approach should he applicable to other free oil recovery problems. Subsurface heterogeneous conditions should always he considered in the applying the approach to other problems. Notwithstanding, it is believed that the fundamental approach developed herein will demonstrate its effectiveness in applications with varying hydrogeologic conditions.
